We utilize the recently suggested capture-emission-time (CET) maps [1] for the first time for SiC technologies. CET maps are a very powerful characterization technique which allow the elegant and comprehensive analysis of oxide/interface traps at or near the semiconductor-dielectric interface and were originally developed to characterize degradation of Si based MOSFETs. For asprocessed SiC MOSFETs [2] we present first results of the SiC-SiO 2 interface using CET maps. We suggest that oxide traps are mainly responsible for the instability in SiC MOSFETs. Furthermore we state that the large time constants and the temperature activation of the traps in SiC MOSFETs can be consistently explained when accounting for multi-phonon processes for the microscopic charge exchange. A recently suggested model including such microscopic transitions [3] is applied to SiC MOSFETs and shown to reproduce our experimental data with high accuracy for a large temperature range.
Introduction
The instability of the threshold voltage of SiC MOSFETs is conventionally attributed to the trapping of channel electrons (for n-channel devices) into interface and/or oxide traps [4] and modeled using standard Shockley-Read-Hall (SRH) theory [5] . Within standard SRH theory [6, 7] negative charge build-up can only be due to either electron capture, which happens quasi-instantaneously with a bias switch (τ cn ∝ exp((E C − E F )/kT )), or through hole emission, which is independent of the position of the Fermi level (τ ep ∝ exp((E T − E V )/kT )). However, experimentally, a simple turn-on of a SiC nMOSFET as depicted in Fig. 1a leads to long-lasting negative charge build-up inconsistent with either hole emission or electron capture of the standard SRH theory. Also an adapted version of the SRH model for oxide charges [8, eq. (76) ], is shown in Fig. 1b to be fairly at odds with the experimental data. Consequently we must conclude that SRH-like models are not capable to describe the charging behavior of SiC MOSFETs and we have to find an alternative description to understand the instability. Before discussing a possible physical origin, we look at the problem in a systematic way using CET maps.
CET map occupancy
A CET map is a two-dimensional plot of the density of traps versus their corresponding logarithmic capture and emission times [1] . Integration of certain areas of the CET map gives the number of trapped charges and thus the ∆V TH at any instant of time. The integration area is defined through the duration of charging/discharging periods due to bias switches at the gate. The simplest case for charging traps in a SiC MOSFET is to switch the gate bias from 0V to the V TH of the device (filling of the CET map from bottom to top). This typically results in a semilogarithmic charging behavior [9] , which is due to a superposition of a large number of individual charging events with a very broad distribution of capture time constants τ c [1] . The energetic position of the traps responsible for the charging is between E F (V G = 0V) and E F (V G = V TH ). When the constant bias phase is interrupted, some of the defects emit their charge again, provided the interruption was longer than their emission time constants τ e . This leads to rather complicated charging transients like those depicted in Fig. 2 . But independently of the exact distribution of τ c and τ e , the transients of Fig. 2 can already be understood in terms of an occupation pattern in the CET map.
CET map model
Further accuracy of our approach is achieved when not only the occupancy of the CET map is considered but also the underlying distribution of time constants. This distribution is not completely uniform (which would lead to a straight line in Fig. 1a ) and it has to become zero for extremely short or long time constants. Given the extremely wide distributions of time constants, which is reminiscent of those observed in Si devices [10] , complete characterization of all time constants is unfeasible. We therefore follow the approach suggested in [3] and validate an analytical Ansatz against experimental data.
For this we use a model which was successfully used to explain Si MOSFET degradation [3] . There, the time constants are modeled with two bivariate log-normal distributions with large mean and variance. The model is based on the observation that the time constants are temperature activated because of multi-phonon processes which lead to charge transfer to oxide traps. We therefore directly deal with effective activation energies E A,c;e = kT log (τ c;e /τ 0 ), with τ 0 a yet to be determined normalization constant. The normal distribution can be analytically integrated as described in [3, 11] for the given times and temperatures of the experimental data. The result is compared to the experimental data and a non-linear data fitting algorithm is used to adapt the parameters of the distributions such that the least square sum of the difference to the data is minimized. The result of such a fit for five different devices at five different temperatures between 30 • C and 200 • C is depicted in Fig. 3 . When this CET map is integrated for a particular charging sequence, the experimental data is nicely reproduced, as depicted in Fig. 1b. 
758
Silicon Carbide and Related Materials 2012 
Conclusion
We suggest a powerful approach for the understanding of the defect dynamics which lead to the instability of SiC MOS devices. Our approach allows for the calculation of arbitrary sequences of on/off phases through an analytical integration of a CET map [1] . This is especially beneficial for circuit designers to predict the device behavior during its operation.
Our work further reveals that the charging of interface traps described with standard SRH theory is at odds with experimental data. One option would be that oxide traps are responsible for the V TH instability. The long time constants of the traps are due to microscopic charging processes which involve several individual phonons. Modeling the V TH instability of a SiC nMOSFET taking this into consideration leads to a good agreement between the model and the experimental data. Fig. 3 : Resulting activation energy CET map after [3] fitted to several different charging transients of five different devices at temperatures between 30 • C and 200 • C. The green points indicate the position of the experimental data. The exact extensions of the distributions at some distance from the experimental data is a consequence of the extrapolation of the underlying model. The map is plotted with a logarithmic normalization operator as defined in [3] to resolve all details of the map.
